Acute lung injury (ALI), which presents as acute respiratory failure, is a major clinical problem that requires aggressive care, and patients who require prolonged oxygen exposure are at risk of developing this disease. Although molecular determinants of ALI have been reported, the molecules involved in disease catabasis associated with oxygen toxicity have not been well studied. It has been reported that lung mucosa is rich in omega-3 fatty acid dicosahexanoic acid (DHA), which has antiinflammatory properties. Aspirin-triggered resolvin D1 (AT-RvD1) is a potent proresolution metabolite of DHA that can curb the inflammatory effects in various acute injuries, yet the effect of AT-RvD1 on hyperoxic acute lung injury (HALI) or in the oxygen toxicity setting in general has not been investigated. The effects of AT-RvD1 on HALI were determined for the first time in 8-to 10-week-old C57BL/6 mice that were exposed to hyperoxia (>95% O 2 ) for 48 hours. Mice were given AT-RvD1 (100 ng) in saline or a saline vehicle for 24 hours in normoxic (21% O 2 ) conditions after hyperoxia. Lung tissue and bronchoalveolar lavage (BAL) fluid were collected for analysis associated with proinflammatory signaling and lung inflammation. AT-RvD1 treatment resulted in reduced oxidative stress, increased glutathione production, and significantly decreased tissue inflammation. AT-RvD1 treatment also significantly reduced the lung wet/dry ratio, protein in BAL fluid, and decreased apoptotic and NF-kB signaling. These results show that AT-RvD1 curbs oxygen-induced lung edema, permeability, inflammation, and apoptosis and is thus an effective therapy for prolonged hyperoxia exposure in this murine model.
Clinically, the activation of resolvin-D1 (RvD1)-producing pathways may help disrupt the inflammatory cascade and ultimately offer a novel therapeutic strategy to help in the protection of lung tissue from acute lung injury. Further elucidation of the mechanisms of aspirin-triggered RvD1-mediated hyperoxic acute lung injury resolution is necessary to help in the development of clinical therapeutic treatments for the protection of patients requiring supplemental oxygen.
Acute lung injury (ALI) is a major clinical problem that contributes to the death of more than 70,000 people annually in the United States (1, 2) . ALI is an acute respiratory syndrome hallmarked by a breakdown of the alveolar-capillary membrane barrier, lung edema formation, pulmonary epithelial cell death, and an acute inflammatory response. Although the pathogenesis is heterogeneous, extensive studies have not led to an effective treatment (3) . Hyperoxic therapy remains the major form of supportive care for patients with decreased respiratory function, such as those who suffer from ALI. However, prolonged hyperoxia exposure (.65% O 2 ) can lead to further exacerbation of lung symptoms and cause hyperoxic ALI (HALI). Murine models of hyperoxia display similar symptoms and pathology to those seen in humans (4) (5) (6) (7) (8) . Toxic concentrations of oxygen lead to the generation of reactive oxygen species, which lead to a redox imbalance and in turn cause alveolar flooding, inflammation, apoptosis, and necrotic death of alveolar epithelial cells (9, 10) . Excessive hyperoxemia also leads to up-regulation of proinflammatory mediators such as IL-1b (11) . It may also lead to activation of the apoptotic signaling cascades triggered by the enhanced expression of proapoptotic proteins of the BH3-only BCL-2 protein family (12, 13) . Although several laboratories, including our own, have previously reported the molecular determinants that may play a role in HALI development (11, (13) (14) (15) , the process of lung resolution and repair has not been well studied, especially in the oxidant toxicity setting.
HALI is usually self-limiting and resolves with minimal fibrosis in comparison to other models of ALI (16, 17) ; however, the molecular mechanisms involved in tissue catabasis have not been elucidated. Polyunsaturated fatty acid supplements significantly improve circulating antiinflammatory biomarkers, reduce inflammatory cytokine levels, and promote gas exchange in adolescent and adult patients with lung injury (18, 19) . The polyunsaturated fatty acids generated after injury serve as key mediators of inflammation. Of these fatty acids, omega-3 derivatives, referred to as resolution-phase interaction products (resolvins), have drawn considerable interest for their potential to resolve acute injury in various disease models (20) (21) (22) (23) (24) (25) (26) (27) (28) . These lipid mediators are antiinflammatory, promote tissue homeostasis, and help revert injured and inflamed tissue to a normal state. Resolvins, discovered in resolving inflammatory exudates in mice, are classically synthesized through a primarily lipoxygenase driven pathway. In the presence of aspirin, however, more stable and less enzymatically susceptible "aspirintriggered" epimeric forms are generated through aspirin-induced cyclooxygenase-2 acetylation (21) .
Previous reports show antiinflammatory and proresolving roles of Aspirin-Triggered Resolvin D1 (7S,8R,17R-trihydroxy-4Z,9E,11E,13Z,15E19Z-docosahexaenoic acid; AT-RvD1) in the reduction of other sterile injuries, such as aspiration pneumonitis in mice (26, 27) . However, oxidant stress as a result of this study was found to be very low; thus, the ability of ATRvD1 to alleviate inflammation and injury resulting from oxygen toxicity has not been properly investigated. Therefore, in this study we investigated the effects of ATRvD1 on the resolution of HALI. Although 24-hour treatment with vehicle allowed for modest resolution, treatment with ATRvD1 after hyperoxia exposure resulted in a significant increase in decreased oxidative stress, increased resolution of tissue inflammation, enhanced antioxidant production, enhanced clearance of cellular infiltration, and reduction of edema formation and alveolar protein leak. ATRvD1 treatment also resulted in a marked decrease in proinflammatory and apoptotic signaling. Thus, results also suggest that AT-RvD1 enhances HALI resolution.
Materials and Methods

Animals
The University of South Florida Institutional Animal Care and Use Committee approved the animal protocol. C57BL/6 WT mice (6-8 wk old) (Harlan Laboratories, Indianapolis, IN) were used to conduct all in vivo experiments. Mice were housed in isolated cages on an automatic 12-hour light to dark cycle at room temperature (25 8 C). Water and standard food were available ad libitum.
Murine Hyperoxic Injury Resolution Model
Lung injury was induced using a murine hyperoxia model as previously described (9, 29) . Mice, in cages, were placed in an airtight chamber (70 3 50 3 50 cm) and exposed to hyperoxic conditions (95-100% O 2 ) for 48 hours, which was sufficient to induce moderate to severe ALI (30) . An oxygen regulator was used to monitor and maintain the chamber's atmospheric conditions (BioSpherix, Lacona, NY). To assess the impacts of AT-RvD1 on hyperoxic lung injury resolution, mice were kept under normoxic conditions (21% O 2 ) after hyperoxia exposure and given either 0.5 to 0.05 mg AT-RvD1 (7S,8R,17R-trihydroxy-4Z,9E,11E,13Z,15E19Z-docosahexaenoic acid, 95% purity, no LPS detected; Caymen Chemicals, Ann Arbor, MI) ( Figure 1A ) or vehicle (1% ethanol in saline) to serve as an indicator of normal injury resolution (control group). One hundred microliters of AT-RvD1 or saline was injected intravenously or intreaperitoneally. Mice were killed 24 hours after AT-RvD1 or vehicle treatment, and tissue samples and bronchoalveolar lavage (BAL) fluid were collected in separate experiments. The experimental outline is shown in schematic form in Figure 1B .
Lung Mechanics Analysis
In a separate experiment, mice were anesthetized with ketamine-xylazine and placed on a small rodent mechanical ventilator and respiratory mechanics apparatus (SCIREQ, Montreal, PQ, Canada). The lung resistance of mice in each group (n > 8 in each group) was measured after ventilation.
Statistical Analysis
Statistical analysis was performed using the Graphpad Prism software (GraphPad Software, Inc., San Diego, CA). Comparison of samples between two groups was completed using a standard Student's t test. Comparison of samples in three or more groups was calculated using a one-way ANOVA with a Tukey post hoc test to measure significance between groups. P values for all tests were calculated and labeled where significant. A P value ,0.05 was considered significant, and all t tests were two-tailed.
Results
AT-RvD1 Treatment after Hyperoxic Injury Leads to Decreased Oxidative Stress and Reduced Lung Resistance
Oxidative stress is the key insult of the HALI model and thus the ability of AT-RvD1 to resolve oxidative stress in lung tissue warrants investigation. Lipid peroxidation is a well-documented indicator of oxidative stress (31) (32) (33) . To test the ability of AT-RvD1 to reduce lipid peroxidation after hyperoxic injury, C57/BL6 mice were given AT-RvD1 (0.5-0.05 mg) after 48-hour hyperoxia exposure. BAL fluid was collected, and a thiobarbituric acid-reactive substances (TBARs) assay was performed ( Figure 1C) . Results reveal that AT-RvD1 treatment after hyperoxic injury leads to a greater than 75% decrease in lipid peroxidation as measured with the TBARs assay, in comparison to the vehicle group, which only showed a 25% decrease in lipid peroxidation. These results also suggest that AT-RvD1 provides significantly enhanced resolution of oxidative stress after HALI at an optimal dose of 0.1 mg. Antioxidant imbalance is a well-documented result of oxidative stress (34) (35) (36) (37) (38) (39) (40) . Antioxidant-oxidant imbalance leads to antioxidant depletion and proinflammatory reactive oxidant-antioxidant complexes (32, (41) (42) (43) (44) . Our results reveal that mice treated with AT-RvD1 have significantly higher glutathione in lung tissues and significantly enhanced expression of antioxidant transcriptional regulator Nrf2 (see Figure E3 in the online supplement). Previous reports point to increased lung resistance as a result of oxidative stress (34, 45, 46) . To further assess the functional contributions of AT-RvD1 (0.2-0.05 mg) to hyperoxia-induced impairment of lung mechanics, lung resistance was measured using the SCIREQ flexiVent apparatus ( Figure 1D) . Surprisingly, saline treatment resulted in a small increase in lung resistance after hyperoxia exposure; however, this increase was not statistically significant. This phenomenon was curtailed with AT-RvD1 treatment after injury. AT-RvD1 treatment resulted in significantly reduced lung resistance in comparison to both the hyperoxia and the hyperoxia followed by vehicle treatment groups. The decreased lung resistance in response to AT-RvD1 treatment points to improved resolution of HALI.
AT-RvD1 Treatment after Injury leads to Decreased Hyperoxia-Induced Leukocyte Infiltration
Previous reports have alluded to the increased airway resistance as a key indicator airway inflammation and an increase in inflammatory cell infiltrate (47) (48) (49) . Recruitment of leukocytes to the injured area is a key hallmark of HALI, and reduction of this infiltration marks a key event in injury resolution. C57/BL6 mice were given AT-RvD1 (0.1 mg, intravenously) after 48 hours of hyperoxia exposure to determine the capacity of AT-RvD1 to reduce leukocyte infiltration after hyperoxic injury. The leukocyte accumulation in the BAL fluid was analyzed using total and differential cell counts ( Figure 2 ). Images were taken of BAL fluid cells that were cytospun onto microscope slides and differentially stained ( Figures  3A-3E) . Results revealed that mice treated with AT-RvD1 had a 3-fold decrease of total cells in the BAL fluid compared with mice treated with the vehicle (Figure 2A Aspirin-triggered resolvin D1 (AT-RvD1) treatment after hyperoxic lung injury demonstrates improved lung mechanics and decreased oxidative stress. C57BL/6 mice were subjected to hyperoxia (H) or normoxia exposure for 48 hours followed by treatment with AT-RvD1 (A) or saline vehicle for 24 hours administered intravenously (I.V.) (B). (C) In a separate experiment, lungs were harvested from each mouse, and lipid peroxidation was measured via the thiobarbituric acid-reactive substances assay (TBARS). (D) Before mice were killed, lung resistance was measured after each treatment using the flexiVent respiratory metrics apparatus (see MATERIALS AND METHODS). A one-way ANOVA, with a Tukey post hoc test, was used to determine the results, where P , 0.05 was deemed statistically significant (n = 6 for each group). RA, room air.
were significantly decreased in the AT-RvD1 group, with a greater than 10-fold decrease in neutrophil accumulation (Figures 2B and 2C and black arrows in Figures 3A-3E ). AT-RvD1-treated mice show a significant decrease in comparison to mice treated with vehicle after the injury in neutrophil percentage (,3%) and a similarly significant increase in macrophage percentage (.97%) among leukocyte subsets in BAL fluid ( Figure 2D ).
Results further show that keratinocyte chemoattractant (KC), a neutrophillic chemokine, is significantly decreased in the BAL of mice treated with AT-RvD1 after injury ( Figure 3F ). Myeloperoxidase, a peroxidase that is abundantly expressed in neutrophils, was significantly decreased in AT-RvD1-treated mice in comparison to vehicle control ( Figure 3G ). Altogether, results indicate that AT-RvD1 treatment after hyperoxic injury significantly reduces accumulation of leukocytes into the injured area, especially neutrophils.
AT-RvD1 Attenuates Hyperoxia-Induced Lung Inflammation and Permeability
The influx of inflammatory cells is a hallmark of HALI and an indicator lung inflammation (1). It was hypothesized that AT-RvD1 treatment would resolve hyperoxia-induced lung inflammation AT-RvD1 treatment after hyperoxic injury reduces cells in bronchoalveolar lavage fluid (BALF) and rescues leukocyte imbalance. C57BL/6 mice were subjected to normoxia or hyperoxia exposure for 48 hours followed by treatment with AT-RvD1 (100 ng) or saline vehicle for 24 hours in normoxia. An equal mixture of BALF was collected and cytospun onto microscope slides for leukocyte analysis. Cytospin smears were stained via Diffquick stain. Total (A) and differential (B and C) cell counts were performed. (D) Analysis of the BAL macrophage and neutrophil percentage was calculated. One-way ANOVA, with a Tukey post hoc test, was used to determine the results, where P , 0.05 was deemed statistically significant (n = 10 in each group). Mf, macrophages; PMN, polymorphonuclear leukocytes.
because mice treated with AT-RvD1 after hyperoxic injury demonstrated reduced lipid peroxidation and showed reduced leukocytes in BAL fluids. Analysis of tissue histology, which is a direct measure of lung inflammation, revealed that AT-RvD1 treatment led to a visible decrease in alveolar thickening, congestion, and alveolar immune cell infiltration in comparison to mice treated with vehicle alone (Figures 4A-4E ). Pathological severity scoring showed a small improvement in tissue inflammation after 24-hour room air treatment; however, this improvement was not significant. More importantly, administration of AT-RvD1 after injury led to a significant improvement in pathological severity in comparison to the groups that were exposed to hyperoxia alone and hyperoxia followed by saline treatments ( Figure 4F ). To further confirm the effects of AT-RvD1 treatment, lung edema and alveolar leak were examined by the wet to dry ratio and BAL protein analysis, respectively ( Figure 5 ). AT-RvD1-treated mice experienced a significant decrease in lung wet-to-dry ratio and BAL protein levels after hyperoxia. This reduction in lung edema by AT-RvD1 was further confirmed by a decrease in dye extravasation into the serum and the BAL fluid ( Figure 6 ). Altogether, these results highlight AT-RvD1's role in improved tissue histology, permeability reduction, and prevention of further lung damage after injury. AT-RvD1 treatment after hyperoxic injury enhanced clearance of cellular debris and cell infiltrate in BAL fluid. C57BL/6 mice were subjected to normoxia or hyperoxia exposure for 48 hours followed by treatment with AT-RvD1 (100 ng) or saline vehicle for 24 hours in normoxia (n = 6 for each group).
(A-E) An equal mixture of BAL fluid was collected and cytospun onto microscope slides for leukocyte analysis. Representative images for room air (RA) (A), RA 1 AT-RvD1 (0.1 mg) (B), hyperoxia (C), hyperoxia 1 vehicle (D), and hyperoxia 1 AT-RvD1 (0.1 mg) (E) are shown. Original magnification: 3100. Neutrophils in BALF are highlighted by arrowheads. Murine neutrophilic chemokine keratinocyte chemoattractant (KC) from BALF (F) as well as myeloperoxidase (MPO) from lung homogenates (G) was also measured. A one-way ANOVA was used to determine the results, where P , 0.05 was deemed statistically significant (n = 10 in each group).
AT-RvD1 Regulates Hyperoxia-Induced Inflammatory Mediator Production
The secretion of inflammatory mediators disrupts the immune-repressed alveolar state of resident macrophages and epithelial cells. In vitro and in vivo reports from our laboratory demonstrate that one of these mediators, IL-1b, plays an important role in the inflammatory phenotype seen in the lung after hyperoxia exposure (11, 14, 30) . Therefore, the influence of AT-RvD1 treatment on IL-1b secretion after hyperoxia exposure was analyzed. In (F) Four independent parameters (alveolar congestion, hemorrhage, leukocyte infiltration, and alveolar wall thickness) were scored and used to determine the acute lung injury severity score. These are the cumulative results of three independent experiments (n = 10 in each group). A one-way ANOVA was used to determine the results, where P , 0.05 was deemed statistically significant.
ORIGINAL RESEARCH
the mechanism of AT-RvD1-mediated reduction of hyperoxia-induced IL-1b expression, the activity of transcriptional regulator NF-kB was analyzed. Lung tissue analysis reveals a decrease in NF-kB activity with AT-RvD1 treatment compared with mice treated with vehicle alone, as measured by the phosphorylation of the nuclear NF-kB p65 subunit ( Figure 7D ). Mitogen-activated protein kinases (MAPKs) are critical mediators for the activation of transcription factors, such as NF-kB, that lead to cytokine processing after inflammatory stimuli. AT-RvD1 treatment resulted in an overall decrease in phosphorylation of MAPK p38 ( Figure 7E) ; however, no changes in the phosphorylation of p44/42 and SAPK/JNK were detected ( Figure E1 ). These data demonstrate that AT-RvD1 treatment after hyperoxia exposure results in enhanced resolution of proinflammatory cytokine secretion and the reduction of proinflammatory signaling molecule activity.
AT-RvD1 Treatment after Injury Results in Decreased Hyperoxia-Associated Apoptotic Markers in Lung Tissue
Hyperoxia treatment leads to increased cellular apoptosis in lung tissue (9) (10) (11) 30) . Caspase-3 is a well-documented indicator . AT-RvD1 treatment after hyperoxia demonstrates reduced pulmonary edema and permeability. C57BL/6 mice were subjected to normoxia or hyperoxia exposure for 48 hours followed by treatment with AT-RvD1 (100 ng) or saline vehicle for 24 hours (n = 6 for each group) administered intravenously. (A and B) After AT-RvD1 or vehicle treatment, lung tissue was harvested, and the weight of the "wet" lungs was measured. Lungs were placed in an oven at 70 8 C and measured periodically until the measurement was constant ("dry weight"). The wet/dry (W/D) ratio was measured for each group. (C and D) In a separate subset of animals (n = 6 for each group), BALF was collected. After AT-RvD1 or vehicle treatment, total protein in BALF for each group was measured via bicinchoninic acid assay. A one-way ANOVA was used to determine the results, where P , 0.05 was deemed statistically significant.
of cellular apoptosis (50-52). Caspase-3 activity was assessed in lung tissue sections and whole lung homogenates via immunohistochemistry and Western blot, respectively, to further assess cellular apoptosis. The results demonstrated a decreased presence of active caspase-3 in lung sections and protein extracts prepared from mice given AT-RvD1 versus those given vehicle after hyperoxia exposure ( Figures E2A-E2D) . Proteins of the proapoptotic BCL-2 family (BH3-only proteins) regulate apoptosis through interaction and inhibition of prosurvival molecules. Expression and activation of BH3-only proteins are important hyperoxia-induced signaling events that lead to epithelial cell death in ALI (8, 13) . Phosphorylation of BH3-only protein BAD abolishes its proapoptotic activity. To confirm AT-RvD1's capability to reduce hyperoxia injury-induced apoptotic markers such as BAD, phosphorylation of BAD was analyzed from each sample. AT-RvD1 treatment, in comparison to vehicle control, resulted in increased phosphorylation of BAD in mice after hyperoxia exposure ( Figure E2E ). No significant change in total BAD was observed between AT-RvD1 and the vehicle-treated groups. The BH3-only protein BIM also demonstrated reduced protein expression in mice given AT-RvD1 after hyperoxic injury in comparison to vehicle control ( Figure E2F ). These results suggest that AT-RvD1 treatment results in decreased apoptotic activity through suppression of BH3-only protein expression and signaling. These results suggest further study is needed regarding hyperoxia-induced apoptotic signaling by AT-RvD1 treatment.
Discussion
Hyperoxic therapy is a key component of supportive care for patients suffering from reduced respiratory function (53) . Prolonged exposure of high concentrations of hyperoxia can lead to the generation of reactive oxygen species, which can lead to HALI, which at times presents as acute respiratory distress syndrome (54) . Injury resulting from hyperoxic stress leads to decreased lung biomechanics, increased alveolar permeability, lung edema, and inflammation (30, 55) . Free radical generation may also result in increased . AT-RvD1 blunts hyperoxia-induced alveolar permeability and pulmonary edema. C57BL/6 mice were subjected to normoxia or hyperoxia exposure for 48 hours followed by treatment with AT-RvD1 (100 ng) or saline vehicle for 24 hours (n = 6 for each group) administered intravenously.
(A) Endothelial barrier integrity was determined via introduction of Evans blue dye administered intravenously 30 minutes before the end of each treatment. After mice were killed, quantification of Evans blue dye in the BALF was used to examine endothelial barrier integrity. (B) In a separate experiment, epithelial barrier integrity was assessed by analyzing the serum:BALF ratio of extravasated 3000MW FITC dextran administered intratracheally 20 minutes before the end of each treatment. One-way ANOVA was used to determine the results, where P , 0.05 was deemed statistically significant. AT-RvD1 treatment after injury attenuates hyperoxia-induced cytokine expression and secretion. C57BL/6 mice were subjected to normoxia or hyperoxia exposure for 48 hours followed by treatment with AT-RvD1 (100 ng) or saline vehicle for 24 hours in normoxia (n = 6 per group). After AT-RvD1 or vehicle treatment, BALF was collected from mice in each group. ELISAs were performed using BALF to assess cytokine secretion of IL-1b (A), IL-6 (B), and monocyte chemoattractant protein-1 (MCP-1) (C). (D and E) In a separate experiment (n = 6 per group), total protein was extracted and used for Western blot analysis of phosphorylation of NF-kB P65 subunit (in the nuclear fraction) (D) and p38 MAP kinase (E). T, total; P, phosphorylated form of assayed proteins. Densitometry of each phosphorylated protein shown below the blot and is representative of three separate experiments. Representative blots of each group for each protein are shown. A one-way ANOVA (for each ELISA) or Student's t test (blot densitometry) was used to determine the results, where P , 0.05 was deemed statistically significant. apoptotic signaling (56) . Although our laboratory and others have sought to dissect the molecular determinants associated with HALI (3, 57) , the molecular determinants involved in the restoration of innate tissue homeostasis and resolution of hyperoxic injury have not been clearly defined.
In this study, we hypothesized that the proresolution mediator AT-RvD1 can enhance resolution of hyperoxic lung injury through decreased oxidative stress, lung resistance, permeability, inflammation, and apoptotic marker expression (30, (58) (59) (60) . Previous reports have demonstrated uniform animal death of mice exposed to 72 to 96 hours of 95% hyperoxia (6, 61); therefore, we chose to investigate at the 48-hour time point, when moderate HALI pathology occurs and resolution after 24 hours of injury can be investigated. In studying resolution, the hyperoxic model has its advantages because natural resolution takes place with mild scarring without fibrotic development (16, 17) . Hyperoxia-induced reactive oxygen species generation contributes to enhanced lipid peroxidation and subsequent cellular injury (38, 52, 62, 63) . Our laboratory and others have shown that hyperoxia overexposure results in the hyperactivation and ungoverned recruitment of proinflammatory leukocytes, which include neutrophils and monocytes (8, 11, 30) . In the latter stages of injury, the production of inflammatory mediators and reactive species by these cells contributes to a toxic alveolar environment and further damage of healthy tissue.
Results from this study demonstrate that AT-RvD1 treatment after injury shows reduced lipid peroxidation, a key indicator of oxidative stress, in comparison to both hyperoxia and hyperoxia followed by vehicle treatment.
For the first time, we show that lipid peroxidation is reduced with AT-RvD1 treatment. It has been previously discussed that a diet rich in docosahexaenoic acid, a precursor of AT-RvD1, curbs oxidative stress and lipid peroxidation in rats after traumatic brain injury (64, 65) . Our results further affirm these findings and point to AT-RvD1 as a key DHA metabolite in the reduction of oxidative stress after injury. DHA treatment has also been associated with increased antioxidant properties (66); however, the effects of AT-RvD1 on redox signaling have not been studied. Our results reveal increased GSH and Nrf2 expression with AT-RvD1 treatment. GSH supplementation has been demonstrated previously to enhance resolution of hyperoxic injury and is a major marker of oxidant-antioxidant imbalance (40) . Nrf2, a master regulator of antioxidant gene expression, has also been demonstrated to be important in the resolution of HALI through GSH regulation (36, 40, 67) . Because previous reports of AT-RvD1's beneficial action on acute injury are not a result of oxidative stress (27) and because the hyperoxia model is based on injury as a result of oxidative stress, our finding that antioxidants such as GSH and regulators such as Nrf2 are enhanced is of great significance and represents a key next step of investigation as to how AT-RvD1 can combat oxidative stress. More specifically, this paper provides a platform and a basis to assess whether increased antioxidant machinery generated by AT-RvD1 combats the antioxidant depletion and subsequent redox imbalance caused by hyperoxia (34, 38, 42) and whether or not AT-RvD1 be used as a therapeutic agent to increase antioxidant machinery and improve the effects of oxygen therapy. Hyperoxic injury results in increased lung stiffening, inflammation, and permeability (8, 45, 53, 55, 68) . Whether or not AT-RvD1 could curb these hallmarks of hyperoxic lung injury needed to be investigated. AT-RvD1 treatment after injury resulted in a significant decrease in lung resistance. Lung static compliance was also improved with AT-RvD1 treatment in comparison to hyperoxia alone; however, it was not significantly different from vehicle treatment alone during the resolution recovery period (data not shown). These findings suggest that AT-RvD1 can alleviate lung stiffening and improve respiratory mechanics after hyperoxic injury. This is important because decreased respiratory function, in particular through increased airway resistance, is associated with fibrotic development (69) Results of this study demonstrated that treatment with ATRvD1 after injury resulted in a much more significant reduction of leukocytes and tissue inflammation in the 24-hour injury resolution phase than the vehicle control. BAL fluid collection revealed decreased neutrophil counts in mice treated with AT-RvD1 after injury in comparison with hyperoxia and vehicle control. Reduced neutrophil accumulation in BAL after injury may be a result of decreased expression and secretion of neutrophil chemoattractants such as KC. Further, the peroxidase enzyme myeloperoxidase was also reduced with AT-RvD1 treatment in comparison to vehicle treatment groups. Reduced KC and myeloperoxidase have been extensively associated with reduced neutrophilia and tissue inflammation (70) (71) (72) (73) (74) (75) (76) (77) . Treatment with AT-RvD1 after hyperoxic injury also restored normal leukocyte population: the macrophage population in the BAL was increased by 17% in comparison to vehicle control, and the neutrophil population was reduced to 3% in comparison to 20% for the vehicle control. These results point to the ability of AT-RvD1 to decrease leukocyte inflammation and restore the leukocyte imbalance due to hyperoxic injury; however, whether this is attributed to decreased oxidant stress and an enhanced antioxidant profile was not thoroughly investigated. In future studies we aim to identify the link between the enhanced antioxidant activity stimulated by ATRvD1 and the reduced inflammatory phenotype shown after AT-RvD1 treatment.
Leukocyte infiltration is a prime indicator of inflammation, which is a key hallmark of HALI, and ungoverned regulation of inflammation results in downstream fibrotic development (78) . Hyperoxic injury and cell damage lead to the release of proinflammatory cytokines such as IL-1b (11, 79, 80) , which has been shown to be the most bioactive cytokine in patients with lung injury (81) . This laboratory has demonstrated that decreased IL-1b secretion results in improved lung pathology after hyperoxia challenge (11, 30) . The results of this paper reveal that AT-RvD1 versus control treatment results in decreased expression of pro-IL-1b. Furthermore, IL-1b secretion is decreased after hyperoxia in mice given AT-RvD1 versus vehicle treatment. IL-1b, as one of the early cytokines secreted by alveolar macrophages, contributes to hypercytokinemia after injury (81, 82) . Thus, it was hypothesized that AT-RvD1 treatment would result in a decrease of other proinflammatory cytokines. Analysis of proinflammatory cytokines IL-6, KC, and MCP-1 in BAL revealed a similar decrease in mice given AT-RvD1 after hyperoxia exposure in comparison to vehicle treatment. Although numerous reports from our laboratory have touched on the proteolytic processing of pro-IL-1b that is needed for activity (11, 14, 30) , we found decreased expression of IL-1b in its pro-form, which suggested that AT-RvD1 treatment resulted in reduced transcriptional activity, leading to reduced IL-1b expression. Previous reports have linked the AT-RvD1 receptor, formyl peptide receptor 2 (FPR2/ALX), with decreased activity of the proinflammatory transcription regulator NF-kB (28) . NF-kB and MAPKs are important proinflammatory transcription regulators responsible for the activation of proinflammatory genes associated with the production of cytokines, adhesion molecules, and epithelial cell junction destabilization (83) (84) (85) (86) . These downstream products of NF-kB and MAPK activity contribute to the propagation of the proinflammatory cascade. Investigation into AT-RvD1's effect on NF-kB activity after hyperoxia exposure revealed a significant decrease in the phosphorylation of NF-kB after AT-RvD1 in comparison to vehicle control treatment. Phosphorylation of NF-kB is a key signaling event involved in the transcriptional activity of this molecule. Therefore, these results demonstrate that AT-RvD1 treatment significantly impairs NF-kB activation. Similar effects are seen in p38 MAPk activation; however, the phosphorylation of the SAPK/JNK and p44/42 MAPks was not altered with ATRvD1 treatment. Data obtained from this study further demonstrate that AT-RvD1 versus control significantly resolves hyperoxia-induced inflammatory signaling and subsequent cytokine secretion. The role of FPR2/ALX in this AT-RvD1-mediated attenuation of hyperoxia-induced inflammatory signaling needs to be investigated in future studies.
The alveolar-capillary barrier plays an important homeostatic role in the regulation of immune cell infiltration (1) (2) (3) 53) . However, powerful inflammatory stimuli, such as hyperoxia, cause deterioration and remodeling of this barrier, which leads to aberrant and overactive inflammatory signaling (11, 53) . Reestablishment of this barrier and decreased permeability are key steps in HALI resolution. AT-RvD1 treatment after hyperoxia exposure demonstrates a significant decrease in both the lung wet to dry ratio and alveolar protein content in comparison to vehicle control. Further, AT-RvD1 treatment demonstrates reduced epithelial and vascular permeability. Altogether, these results suggest that treatment with AT-RvD1 following hyperoxic injury reduces pulmonary edema and lung permeability. More importantly, these results suggest that AT-RvD1 significantly enhances barrier integrity during the resolution phase of hyperoxic injury. Because inflammatory cytokines contribute to hyperoxia-induced alveolar permeability and barrier dysfunction, the ability of AT-RvD1 to suppress cytokine secretion may also contribute to the enhanced barrier integrity seen in this study. Tissue histology after AT-RvD1 administration was assessed because the build-up of edema fluid that results from the compromised alveolar capillary barrier can lead to further activation of the alveolar epithelium, endothelium, and macrophages (2) . Pathological severity scoring from lung tissue sections further illustrated the proresolution effects of AT-RvD1 versus the control because tissue sections obtained from mice revealed improved tissue histology in areas of alveolar thickening, leukocyte infiltration, and decreased alveolar congestion. Changes in alveolar hemorrhage were not witnessed in these sections. Along with the improvement in permeability and decreased pathological severity scoring, mice administered AT-RvD1 during the resolution phase demonstrated less lung resistance and thus improved respiratory tract airflow. Taken together, these results suggest that ATRvD1 significantly improves recovery time from injury. Results from this study demonstrate significant suppression of the ALI pathological severity. More importantly, our results suggest that ATRvD1 may be acting on multiple protective pathways, which may point to the remarkable recovery seen in these mice treated with AT-RvD1.
Apoptotic cell death of alveolar epithelial cells is a previously described result of hyperoxic insult (6) . Cellular fragments, inactivated surfactant, and cellular contents from apoptotic cells result in further secretion of noxious stimuli into the pulmonary milieu (53) . Previous reports from our laboratories have shown that BH3-only proteins play a role in hyperoxia-induced apoptotic signaling (8, 13) . BAD is a proapoptotic family member of the BH3-only protein faction of the Bcl-2 family. Found primarily in the cytosol, BAD interacts with antiapoptotic proteins to prevent their mechanism of inhibition of apoptosis. Phosphorylation of BAD leads to inactivation and allows the prosurvival function of antiapoptotic members of the Bcl-2 family (apoptosis). Results from this study show that treatment with AT-RvD1 versus the vehicle control significantly increased phosphorylation of BAD. More importantly, these results suggest for the first time that AT-RvD1 may affect the apoptotic signaling pathway through regulation of the proapoptotic BH3-only protein signaling cascade. Expression of the proapoptotic protein BIM showed a reduction in protein expression with ATRvD1 treatment after hyperoxic injury in comparison to vehicle controls. Caspase-3 activation was measured to confirm the resulting decreased apoptosis. Immunohistochemistry staining showed an intense staining, localizing active caspase-3 expression mostly to the lung epithelial cells (bronchiolar and some alveolar staining) in the vehicle treatment group; however, AT-RvD1 treatment after injury resulted in a significantly decreased expression in active caspase-3 via two distinct methods. Strong staining is shown in the distal bronchiolar epithelial cells and to a lesser extent in the alveolar epithelium, which is consistent with previous reports regarding hyperoxia-induced proapoptotic signaling (87, 88) . These results further support AT-RvD1's capability to resolve hyperoxiainduced apoptotic signaling.
Although resolvins demonstrate potential proresolution effects in HALI, these studies reveal an new area of beneficial effects for resolvins. For the first time, these data demonstrate that AT-RvD1 enhances resolution of injury associated with oxygen toxicity. They also demonstrate that treatment with the proresolution agonist AT-RvD1 reverses hyperoxia-mediated proinflammatory and proapoptotic signaling and aids in the homeostatic return to normal lung physiology. More importantly, our results highlight an alteration in antioxidant production and transcription factor expression coupled with decrease oxidative stress. These results provide evidence for a novel role of ATRvD1 in regulating hyperoxia-induced lung inflammation and acute injury. Thus far, our studies and others have demonstrated a one-hit system of acute injury; however, patients also suffer from a myriad of complications that are both sterile and pathogen induced. It is of interest to our laboratory to investigate the effects of AT-RvD1 in a two-hit system that combined sepsis and sterile injury, such as hyperoxia and LPS.
From a clinical perspective, activating RvD1-producing pathways by a pharmacological approach may disrupt the inflammatory cascade and ultimately may provide a novel therapeutic strategy for the protection of lung tissue from cellular injury during acute or chronic illness associated with ALI syndromes. Further understanding of the mechanisms of AT-RvD1-mediated HALI resolution may lead to the development of clinical interventions for the protection of patients requiring supplemental oxygen. n
